Figure 1. Experimental Design
Two types of trials were employed: working memory (WM) and fixation control (FC). In WM trials, subjects indicated whether the sample and test displays were the same or different (note that the bar orientation on the upper right changed in the present case). They also indicated the confidence of their response (high versus low). FC trials did not have any memory maintenance requirements, and subjects pressed both buttons at both response periods.
ceptual processing of the sample stimulus; the delay each lasting 14 s, consisted of 1 s of fixation, a sample visual display for 0.5 s, a 6 s delay period, a test display phase includes the processes that actively maintain the sample item in short-term memory; and the test phase for 0.5 s, two response periods of 2 s each, and finally an intertrial interval with a blank screen for 2 s. The includes the perceptual processing of the test stimulus, matching the test stimulus to the sample stimulus, as sample and test displays consisted of a fixation spot and an array of eight oriented white bars on a gray well as preparatory response processes. For a WM trial to be correct, the neural processes occurring during background. During the two response periods, subjects indicated with a right or left button press, first, whether all three task phases must be executed successfully. Because, in general, cells are not tuned to all task or not the test display matched the sample display (a nonmatch meant a single bar in the display changed its phases, it has not been possible in physiological studies to assess, at the same time, the contributions of activity orientation) and, second, the confidence of their decision ("high" or "low"). In each run, half of the WM trials during the different task components to WM performance. By contrast, using functional magnetic resoinvolved a change in the display, and half did not. FC trials did not have any maintenance requirements, and nance imaging (fMRI), BOLD signals across the entire network of areas engaged by WM can be evaluated subjects simply maintained fixation and pressed both buttons during both response periods. All analyses resimultaneously during each task phase.
In the present study, we investigated how the moported below employed high-confidence trials only; in this manner we attempted to minimize the contributions ment-to-moment activity within cortical regions, as measured by fMRI, contributes to success or failure on of guess trials (cf. Brewer et al., 1998; Wagner et al., 1998). individual trials of a WM task. Specifically, we examined how the entire network of regions engaged in visual
We analyzed the results in two complementary ways (Experimental Procedures). First, regions of interest WM was differentially activated during trials that led to correct and incorrect outcomes. We hypothesized that (ROIs) were selected independent of task performance, and then differences in activity within these regions for different components of the task, namely, encoding, delay, and test, would engage different nodes of the WM correct and incorrect trials were evaluated at the group level, using a random-effects analysis. These results network to a greater extent on correct trials compared to incorrect trials and provide the neural correlates of WM were supplemented with a fixed-effects analysis performed on a voxel-wise manner in order to generate performance. In particular, we hypothesized that BOLD activity during the delay interval would be stronger and summary group Z maps. Although less exacting than a random-effects analysis, it provided a summary descripmore sustained on correct than on incorrect trials and would thus predict task performance. Moreover, we antion of whole-brain activation for the group of subjects studied herein. ticipated that this would be the case even if one examined only those trials that showed evidence of effective encoding of the sample stimulus.
Behavioral Results
For WM trials, mean performance across subjects was 71.4% correct for high-confidence trials. On these trials, Results no significant difference in reaction times was observed for correct or incorrect trials (mean Ϯ SD; correct, 899 Ϯ Nine subjects were scanned as they performed two types of trials: working memory (WM) and fixation con-138 s; incorrect, 936 Ϯ 181 s; p Ͼ 0.05, t test). For the low-confidence trials, mean performance dropped to trol (FC) (Figure 1 ; Experimental Procedures). WM trials, 60.8% correct, indicating that indeed guessing came several areas it was modulated during more than one phase. into play on these trials.
Working Memory Network
Performance-Related BOLD Activity: Correct versus Incorrect Trials We first isolated the entire network of regions involved in WM independent of performance by comparing BOLD Encoding The comparison of BOLD signals for correct versus inactivity for WM and FC trials. The main regions revealed by this contrast are listed in Table 1 . These regions correct trials at encoding revealed performance-related activity in extrastriate regions that were involved in the include dorsal occipital, inferior temporal, parietal, as well as premotor and prefrontal cortex, as illustrated on visual processing of the stimulus display ( Figure 3A ). These regions included the dorsal occipital cortex in a surface rendering of the left and right hemispheres in Figure 2 . the middle occipital gyrus (BA 18/19) and the inferior temporal cortex (BA 37); in some subjects, the latter Having isolated the WM network, we then probed how it was differentially activated according to task perforactivation was located in the inferior temporal gyrus, but in others, it shifted ventrally to the fusiform gyrus. mance. This was accomplished by comparing BOLD activity on correct trials and incorrect trials during each For both the dorsal occipital and inferior temporal regions, the activations were bilateral (for these regions task phase, namely, encoding, maintenance, and test. As discussed below, while the BOLD activity in some and all others listed below Figure 4 , a 1% increase in amplitude of fMRI signal increased the probability of being correct on that trial area (Pre-SMA; BA 6) also exhibited differential activity from chance to close to 70% for the right IPS and right during the delay. As Table 1 shows, the large majority FEF and close to 65% for the left DLPFC. of these regions also showed differential activity at enAlthough it was found that activity at 8, 10, and 12 s coding.
reliably predicted performance, it is difficult to definiOther regions differentially activated in our voxel-wise tively assign this activity to a distinct task phase bemaps (fixed-effects analysis) for correct versus incorrect cause of the large overlap of phase-related hemodytrials included the precentral sulcus at the posterior asnamic responses during the trial. Nevertheless, if one pect of the middle frontal gyrus (MFG) bilaterally (BA assumes roughly a 5 s lag for the hemodynamic re-6/9), the anterior cingulate gyrus bilaterally (BA 32), and sponse to peak (Bandettini, 1999; Cohen, 1997), then the right hippocampus/parahippocampal gyrus (BA 28).
BOLD activity evoked by the sample stimulus should Subcortically, no structure showed differential perforpeak at about 6 s, and BOLD activity evoked by the test mance-related BOLD activity during the delay interval.
stimulus should peak at about 12.5 s. Therefore, we Test suggest that activity at 8-10 s largely reflects mainteSeveral regions significantly activated on WM relative nance processes occurring during the delay interval. to FC trials also showed greater BOLD activity for correct
The sharp drop in predictability in the right FEF at test than incorrect trials at test. These differentially activated is consistent with the relatively strong BOLD signal in regions ranged from very early visual areas in posterior this region for incorrect trials during this task phase (see cortex to anterior prefrontal regions (Table 1 ). Figure 3C Figure 3B, right). shows two of these areas, namely, the anterior insula bilaterally (BA 44/45) and the pre-SMA. Other regions Encoding and Delay Signals exhibiting differential BOLD activity at test included the and Successful Performance calcarine fissure, the inferior temporal gyrus, DLPFC, Most regions exhibiting differential BOLD activity for posterior MFG, and anterior cingulate. The main subcorcorrect relative to incorrect trials during the delay also tical structures that showed differential performanceexhibited an encoding effect (see Table 1 ). Therefore, related BOLD activity during retrieval were the caudate an important question is whether, for incorrect trials, and putamen ( Figure 3C ), the cerebellum and the pulvisubjects encoded the sample stimulus effectively. If not, nar, mainly on the right.
then weak delay signals may have been a simple consequence of the lack of effective encoding. This possibility is difficult to completely eliminate because it depends fMRI Signal Amplitude and Subjects' Performance on the proper determination of what constitutes "effecTo quantify the contributions of BOLD activity to behavtive" or "strong" encoding. Ideally, one would like to ioral performance, we computed a performance index demonstrate that even on trials in which effective encodfor each ROI during each phase of the WM task (Experiing took place, BOLD delay activity remained a signifimental Procedures). This index provided a normalized cant predictor of correct performance. We handled this difference between the ␤ weights for correct and incordifficult issue in the following manner. First, we emrect trials during each task phase. The performance ployed "high confidence" trials, which may have helped index, averaged across subjects for every significant to minimize the contribution of "weakly encoded events." ROI, was 0.77 for encoding, 1.08 for delay, and 0.54 for Second, we performed additional analyses confined to test (Table 1) a random-effects analysis revealed that all ROIs with To further quantify the relationship between fMRI sigsignificant contributions to correct performance during nal amplitude and the subjects' performance, we emthe delay (Table 1) were also significant when the analyployed a logistic regression analysis. We fit a logistic sis was restricted to only the effectively encoded trials function to the subjects' performance on each trial as (in all cases p Ͻ 0.05). a function of the fMRI signal amplitude on that trial
We further investigated the relationship between en-(Experimental Procedures). The slope of the best-fitting coding and delay signals by examining the distribution logistic function measures the strength of the predictive of delay signals for effectively encoded trials separately effect of fMRI signal amplitude for behavioral perforfor correct and incorrect trials. Figure 5 illustrates that mance. We measured the strength of the predictive effor the right IPS, right FEF, and left DLPFC (the regions fect for every time-point within a trial for those ROIs shown in Figure 4 ), the distribution for correct trials was exhibiting significant performance-related BOLD activskewed to the right relative to incorrect trials, indicating ity during the delay according to the random-effects that on these trials BOLD delay activity was significantly analysis (Table 1) . For all subjects combined, BOLD acgreater for correct than for incorrect trials (one-tailed t tivity between 8 to 12 s reliably predicted behavioral test; in all cases p Ͻ 0.005). Moreover, logistic regresperformance for all ROIs listed in Table 1, To probe how brain regions interacted as subjects performed the WM task, we next investigated how brain increased the probability of being correct to 67%; note that this constitutes a reduction of 5% from that obregions were coupled during both correct and incorrect trials by testing for performance-dependent changes in of the subjects' response and then probed nodes of this network for performance-related BOLD activity. Our "functional connectivity" during the delay interval (Friston et al., 1997). This analysis highlights changes in the results demonstrated that different nodes were activated to a greater extent for correct compared to incorcoupling between brain regions, i.e., the contribution of one area to the signal measured in a different area as rect trials during distinct components of the task, namely, encoding, delay, and test. Additionally, as we a function of experimental condition (in this case, behavioral performance). In this analysis, we were interested anticipated, signals during the delay interval were both stronger and more sustained for correct compared to in increases in the correlation of the signals between two areas when comparing incorrect and correct trials. incorrect trials. Moreover, a logistic regression analysis revealed that fMRI signal amplitude during the delay We tested for any such increase in functional connectivity with the right IPS cortex (x ϭ 38, y ϭ Ϫ37, z ϭ interval predicted successful performance on a trial-bytrial basis. 36). We chose this region because it not only exhibited strong delay-related activity in our task but also has been shown to be functionally coupled with prefrontal Role of Maintenance Activity for WM Performance cortex in single-cell studies (Chafee and GoldmanTo quantify the contributions of BOLD activity during Rakic, 2000; see also Discussion). The results showed the encoding, delay, and test phases of the task to significant effects in the right frontal cortex, including behavioral performance, we employed a performance the FEF and cortex anterior to it (Figure 6 ). More specifiindex, which assessed the increase in activity for correct cally, an increase in correlated BOLD activity on correct compared to incorrect trials. Regions exhibiting differcompared to incorrect trials with the right IPS was found ential BOLD activity during the delay were almost exclu-(1) in the right FEF (BA 6; x ϭ 24, y ϭ Ϫ10, z ϭ 47), sively in frontal and parietal cortex and included the extending forward in the superior frontal sulcus from DLPFC, FEF, SPL, IPS, and Pre-SMA. We further quanti-BA 6 to BA 8 (from x ϭ 18, y ϭ 3, z ϭ 44 to x ϭ 19, y ϭ fied the relationship between fMRI signal amplitude and 19, z ϭ 44); (2) along the medial frontal gyrus, extending performance using a logistic regression analysis. This from posterior (BA 6/24; right: x ϭ 1, y ϭ Ϫ1, z ϭ 50; analysis revealed that the strength of the fMRI signal left: x ϭ Ϫ1, y ϭ Ϫ1, z ϭ 50) to anterior sites (BA 6/9/ during the delay interval reliably predicted task perfor-32; right: x ϭ 1, y ϭ 36, z ϭ 32; left: x ϭ Ϫ1, y ϭ 36, mance: for example, a 1% increase in signal in the right z ϭ 32); (3) in the right cuneus (BA 19; x ϭ 11, y ϭ Ϫ82, IPS and FEF increased the likelihood of success to close z ϭ 36); and (4) in the left middle occipital gyrus (x ϭ to 70%, and in the left DLPFC to close to 65%. Moreover, Ϫ25, y ϭ Ϫ67, z ϭ 9). Of these sites, the random-effects for strongly encoded trials, the probability increased to analysis showed that the FEF/superior frontal sulcul re-72% in the right IPS and FEF and to 70% in the left gion also showed significant differential performance-DLPFC. Taken together, the results provide direct evirelated BOLD activity during the delay interval (Table 1) . dence linking sustained activity during the delay interval with behavioral success on a trial-by-trial basis. The importance of sustained activity for WM perforDiscussion mance is consistent with previous evidence from singlecell studies. These studies showed that delay-related In the present study, we explored the neural substrates of WM performance on a trial-by-trial basis using fMRI.
neural activity on incorrect trials was weak or absent, suggesting that the level of firing during the delay interTo do so, we first defined the WM network independent , 1996) . The Pre-SMA has also been parts of the inferior temporal cortex of monkeys (Vogels found to exhibit sustained BOLD activity during both and Orban, 1994). Additionally, the fixed-effects analysis spatial and face WM tasks (Petit et al., 1998). We found revealed that differential BOLD activity at encoding for greater BOLD activity for correct versus incorrect trials correct compared to incorrect trials also occurred along at the end of the delay interval in Pre-SMA. Thus, it is the calcarine fissure, in early visual areas (V1/V2, BA 17/ 18) known to be highly responsive to oriented bars (e.g., possible that the sustained activity we observed here
Hubel and Wiesel, 1968). This differential activity sug-
What Determines Successful WM Performance? gests that very early processing stages also contribute By definition, for a WM trial to be correct, the neural to task performance. processes occurring during encoding, delay, and test The increased BOLD activity evoked by the sample must be executed successfully. To rule out the possibilstimulus at encoding observed in the regions of visual ity that differential delay activity was a simple consecortex described above is most likely due to attentional quence of poor encoding, as might have been the case modulation in areas responsive to the visual stimuli we in some single-cell studies reporting weak or absent employed (Corbetta et al., 1991) . Indeed, the difference firing during incorrect trials, we performed additional in fMRI signal for correct compared to incorrect trials analyses confined to only those trials with strong BOLD during encoding ( Figure 3A) ., 2000) . In those studies, however, subjects of encoding strength. At the same time, the importance were explicitly instructed to attend to the stimulus on of strong encoding signals was demonstrated by our some trials and not to attend on others, whereas in our analysis of the distribution of delay signals for correct study, endogenous fluctuations in attention from trial to and incorrect trials. For the three ROIs we investigated trial likely produced the response modulation.
(right IPS, right FEF, and left DLPFC), for strongly enIt has previously been shown that increased attention coded trials, delay activity reliably predicted behavioral leads not only to increased neuronal activity but also to performance. For weakly encoded trials, by contrast, improved performance. Spitzer et al. (1988) found that only the right IPS exhibited a predictive relationship bethe responses of V4 cells increased to the same physical tween delay activity and performance. We suggest, stimulus when the monkey performed a harder task, therefore, that the significant difference we observed which required more attentional resources. Importantly, between correct and incorrect BOLD signals during the the increase in activity did not appear to correspond to delay cannot be due to good versus poor encoding of a simple gain in signal but instead likely reflected an the stimulus. Instead, we would argue that while strong increase in response selectivity. A similar mechanism delay signals in a WM task depend on the proper encodmay underlie our results. For the dorsal occipital region, ing of the stimulus, proper encoding per se does not we observed that the boost in BOLD signal for correct lead to correct performance without sustained activity relative to incorrect trials was greater during encoding during the delay. than during retrieval ( Figure 3A, left panel) , suggesting A related question is why it is the case that correct increased selectivity at the time of encoding. Thus, we trials are associated with stronger BOLD activity during suggest that the increased stimulus evoked BOLD activthe delay when compared to incorrect trials. For examity at encoding corresponds to increased neuronal prople, it is conceivable that for incorrect trials the wrong cessing associated with increased attention on correct kind of information (e.g., bar orientation) was "effectrials; that is, increased neuronal processing leads to tively" maintained. In this instance, both correct and correct performance. incorrect trials would be associated with similar levels The differential BOLD signal observed during encodof BOLD activity during the delay. Although this may ing in the present WM task is similar to the one reported have happened in some trials of our WM task, the markby Brewer et al. (1998) and Wagner et al. (1998) for longedly different delay signals during correct and incorrect term memory. In those studies, it was shown that BOLD trials speak against the interpretation that incorrect inactivity at the time of encoding predicted the subjects' formation was held in mind. Instead, our results suggest ability to later remember the event.
that, consistent with results from single-cell studies, accurate performance was supported by strong sustained Performance-Related Activity at Test signals during the delay interval and that little informaSeveral regions engaged by our WM task were more tion was held in mind during the delay on incorrect trials. active for correct than incorrect trials at test, including
The present discussion may help explain why Zarahn very early areas in posterior cortex to anterior prefrontal et al. (2000) did not find differential BOLD activity for regions. This is likely a reflection of the multiple compucorrect and incorrect trials during the delay phase of a tations taking place when the test stimulus is presented, spatial WM task. It is possible that, in their task, subjects such as visual processing of that stimulus, the matching maintained information during the delay for both correct operation involving the sample and test stimuli, as well and incorrect trials; during incorrect trials, however, the as preparatory response processes. We found, in addiwrong kind of information may have been maintained. tion, that some of the regions with performance-related BOLD activity were selective for the test phase, includ- were contrasted (the respective regressors were "on" during the the visual display (i.e., on these nonmatch trials, one of the bars in sample display, the delay interval, and the test display and were the test display changed orientation compared to the sample dis-"off" elsewhere). For the performance analysis, correct and incorrect play), and half did not involve a change (i.e., the sample and test trials were compared at specific task phases. displays were identical). Subjects participated in seven to ten runs, We chose the delay regressor to consist of the last 2.5 s of the each lasting 5 min 36 s (with a 1-2 min rest period between runs). delay task period. This was because, as noted by D'Esposito and The temporal structure of the trials is indicated in Figure 1 . In WM colleagues (Postle et al., 2000b; Zarahn et al., 1997), one concern trials, after a 1 s fixation, a sample visual display was presented for in modeling BOLD activity during delay tasks is that neural activity 0.5 s, followed by a 6 s fixation, and a test display for 0.5 s. Subjects associated with encoding might produce a hemodynamic response were then prompted by a display with the letter "m" (for memory) that extends into the subsequent delay period, leading to activity to indicate "same" or "different" by using two hand-held buttons captured by the delay period covariate that is contaminated by (right and left hand, respectively). "Same" meant that the test encoding activity. Therefore, we have followed D'Esposito and colmatched the sample, and "different" meant that it did not match.
Concluding Remarks
leagues's suggestion of separating the onset of the delay period Subjects also indicated the confidence level of their response by covariate at least 4 s from the onset of encoding, which allows our indicating "high" or "low" (right and left hand, respectively) when analysis to statistically resolve temporally neighboring signals (see "c" appeared on the display. Each of the two response periods also Figure 2 of Zarahn et al., 1997, and associated discussion). It lasted 2 s. Finally, a blank screen terminated the trial, which lasted should be noted, however, that we also performed our analyses 2 s (intertrial interval). Subjects were instructed to maintain fixation with a 6 s delay regressor, and the overall pattern of results did not for those displays with a fixation spot. FC trials did not have any change. The group maps looked virtually identical to those shown maintenance demands. On these trials, subjects were instructed to in Figure 3 , and, as with the 2.5 s delay regressor, bilateral SPL, maintain fixation and press both buttons in both response periods.
bilateral IPS, and right FEF were significant at the group level (ranBefore the actual scan session, subjects underwent a practice sesdom-effects analysis) for the delay component of the task. sion in which they performed five to six runs in order to become We analyzed our results in two complementary ways: whole-brain familiar with the task.
voxel-wise (with AFNI; Cox, 1996) chosen from the peak voxel in the IPS for the contrast between correct and incorrect trials during the delay period. The psychologi-SMA, anterior cingulate, SPL, and IPS. Next, we inspected individual maps for other activations that were found consistently in at least cal regressor p was defined by the difference of the regressors modeling the effect of correct and incorrect trials for the delay phase four out of the nine subjects. These included the calcarine fissure, the dorsal occipital cortex, the inferior temporal gyrus, the anterior of the task. The regressor x ϫ p represents the effect of interest, namely, the interaction between activity in the right IPS and perforinsula, and the posterior MFG. In all cases, we employed, as much as possible, anatomical landmarks to demarcate the ROIs (e.g., by mance in the task. Significant fits for this regressor indicate a performance-specific change in the "connectivity" between IPS and the drawing masks surrounding the posterior calcarine fissure).
For each ROI, representative time series were obtained by averagrest of the brain. This analysis was performed on all individuals and combined into a group map as specified above. ing the time series of the individual voxels within the ROI. Multiple regression was employed to estimate the contributions of BOLD We also analyzed differential BOLD activity during the delay that was limited to only those trials in which robust or "effective" encodsignal during encoding, delay, and test for correct and incorrect trials. Random-effects group analyses were obtained by performing ing occurred. To define effective encoding, we made the following assumptions. First, we considered signals from the dorsal occipital repeated measures ANOVAs or paired t tests where the dependent measures were individuals' ␤ weights (i.e., least-squares parameter and inferior temporal ROIs, which were regions exhibiting robust differential activity at encoding ( Figure 3A) . Second, within these estimates ["weights"] associated with the predictor variables [regressors] obtained by a multiple linear regression fit to the data) two regions, event activity was taken as the summed raw BOLD signal (once linear trends were removed) for the third, fourth, and for the condition of interest (Table 1; for these group analyses, significance was set at p Ͻ 0.05). For the fixed-effects analysis, fifth TRs of each trial. Note that according to the typical hemodynamic evolution (Bandettini, 1999; Cohen, 1997), the response to statistical group maps were obtained by converting each individual's F map into a Z map and then combining these into a composite the sample stimulus should peak around the fourth TR (see Figure  3A) . For each subject, of all the high-confidence WM trials, we sefinal Z map. For that purpose, each individual's brain was transformed with AFNI into the standard coordinate space of Talairach lected roughly half of the trials with the highest BOLD signal as our criterion for effective encoding. In this manner, we guaranteed that, and Tournoux (1988). These transformed maps were then combined (averaged together and multiplied by the square root of the number for every subject, only high-confidence WM trials in which BOLD activity during encoding was greater than the mean BOLD activity of subjects). This type of analysis provides an assessment of the activations that are common to the group studied. In the figures, during encoding were employed. the results of this analysis are overlaid on high-resolution structural scans from a representative subject. Because the fixed-effect analyAcknowledgments sis is uncorrected for multiple comparisons, a more stringent p value of 0.0001 or less was chosen for significance.
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